The geometrical structure of potassium-doped Alq 3 [tris-(8-hydroxyquinoline) aluminum] and the interaction between the Alq 3 molecule and potassium were studied using infrared reflection absorption spectroscopy (IRRAS), surface-enhanced Raman scattering (SERS), and density functional theory calculations. A major aim of this study was to examine the theoretically predicted isomerization of Alq 3 molecules from the meridional form to the facial form upon alkali-metal doping. The observed spectra show significant changes with the deposition of potassium on a thin Alq 3 film. The calculated IR spectra of the K-Alq 3 complex differ significantly between the meridional and facial forms, and the calculation for the meridional form agrees fairly well with the observed spectrum. This demonstrates that (1) the Alq 3 molecule does not change to a facial isomer with the deposition of potassium, but retains the meridional form, in contrast to the reported theoretical prediction, and (2) the structure of the complex as evaluated from geometry optimization is reliable. We also found that the calculated IR spectrum of the K-Alq 3 complex with Alq 3 in its meridional form is significantly different from that of the isolated anion in the same isomeric form, which probably reflects nonuniform interaction between K and the three ligands of Alq 3 . On the other hand, the calculated spectra of Alq 3 and the K-Alq 3 complex in the facial form are similar, possibly because the K atom in the suggested structure lies on the axis of threefold symmetry, leading to an equivalent effect on the three ligands. Even though vibrational spectra of alkali-metal-doped organic materials are usually interpreted on the basis of an isolated anion, the results presented here show that care should be taken in interpreting the spectra of doped organic materials without considering the presence of the counter ion. The observed SERS spectra and theoretical calculations of the Raman spectra show similar trends when compared to the IRRAS results. The present results show that vibrational spectroscopy can be used as a sensitive tool for discerning subtle differences between isomers as well as between complexes and isolated anions.
I. INTRODUCTION
Recently, organic light-emitting diodes (OLEDs) have attracted much attention due to their potential applications in multicolor flat-panel displays. Tris-(8-hydroxyquinoline) aluminum ͑Alq 3 ͒ is widely used as an electron transport/lightemitting layer in such OLEDs. 1 The chemical structure of Alq 3 and two possible geometrical isomers of Alq 3 , meridional (C 1 symmetry) and facial (C 3 symmetry) forms, are shown in Fig. 1 . In the meridional isomer, the three ligands are not equivalent with respect to the Al atom [ Fig. 1(a) ], while they are equivalent in the facial isomer [ Fig. 1(b) ]. The names of the ligands A -C and L1 -L3 for the meridional isomer in Fig. 1 are those used in Refs. 2 and 3, respectively. It has been reported that the meridional isomer is the dominant species in most cases, such as in amorphous evaporated films in the Ar-matrix-isolated state and crystalline states prepared under ambient conditions. 4, 5 Theoretical calculations by DFT (density functional theory) using the BLYP/ ECP (Ref.
3) and B3LYP/ SDD (Ref. 5) methods also predict that the meridional isomer is more stable than the facial isomer by 4 -8 kcal/ mol. Even though in this work we only used Alq 3 in the meridional form as the starting material for sample preparation, German and Italian groups [6] [7] [8] have recently reported that the facial isomer has been successfully isolated in pure form. Further experiments using this isomer will expand our basic knowledge about this important material. A typical OLED consists of indium tin oxide as the anode on which organic thin films are sequentially deposited, with low work function metals finally deposited as the cathode. Since the properties of the metal/organic interface affect the performance of such devices, an understanding of the interaction between such low work function metals and organic molecules is important. Hence, the interfaces between Alq 3 and metals such as Al, Mg, Ca, Li, and K have been investigated both experimentally and theoretically. 2, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] It has been reported that charge transfer mainly takes place between Alq 3 and alkali metals such as K and Li, while Mg and Al form more covalent metal-carbon bonds. 9, 10 In this paper, we will focus on the former case of alkali metals. Johansson et al. 2 studied the electronic structure of Alq 3 upon doping with potassium and lithium using a combination of x-ray and ultraviolet photoelectron spectroscopy. They also performed quantum-chemical calculations for the K-Alq 3 complex using the DFT/ BLYP method, assuming that Alq 3 was in the meridional form. They concluded that (1) a negative charge is transferred from metal atoms to the nitrogen atoms (0.866e for the 1 : 1 K complex determined from the DFT calculation, and slightly less for the Li complex, as judged from their XPS spectra), (2) the potassium atom interacts mainly with the nearest neighboring ligand [A in Fig. 1(a) ], (3) there is a weaker interaction with the next nearest neighboring ligand [B in Fig. 1(a) ], (4) the change in the valence states observed in the UPS spectra is similar for both K and Li complexes, (5) the transferred charge is mainly localized on one of the ligands ͑A͒ ͑0.63e͒, with a smaller fraction on B, and (6) the calculated highest occupied molecular orbital (HOMO) of the K complex is essentially the same as the lowest unoccupied molecular orbital (LUMO) of Alq 3 .
On the other hand, Curioni and Andreoni 17 performed DFT calculations for the meridional and facial isomers of Alq 3 and also for Li-Alq 3 , Al, and Ca complexes that included these two isomers. The results indicated that the facial isomer is more stable than the meridional isomer by at least 10 kcal/ mol in these metal complexes. Thus, they suggested that molecules in the meridional form in the neutral state may be converted into the facial isomer upon complexation. They also concluded that although complete electron transfer from lithium takes place, the charge distribution in the Alq 3 part of the complex differs from that in an isolated radical anion, although the excess electron is also localized on the pyridyl side of the ligands.
Thus, although previous studies have clarified many important points, it is desirable to obtain even more experimental information on the nature of the Alq 3 molecule in an alkaline metal complex. Important questions still remain, such as (1) which isomeric form do the doped Alq 3 molecules take? (2) to what extent can we regard the Alq 3 anion in the Alq 3 complex as being similar to an isolated anion? and (3) which part of the Alq 3 molecule is affected by the metal atom? The importance of the possible conversion from the meridional to the facial isomer was also stressed by Kushto et al. 5 Since the calculations by Curioni et al. 3 showed that the facial isomer is more efficient as an electron trap, the possible formation of facial isomers by metal deposition may govern charge transport in the bulk material. Thus, possible isomerization in the complexes is important in devices using Alq 3 .
To clarify these points and to obtain a deeper insight into metal-Alq 3 interaction, we studied the geometrical structure of potassium-doped Alq 3 films and the interaction between Alq 3 and potassium using infrared reflection absorption spectroscopy (IRRAS), surface-enhanced Raman scattering (SERS), and DFT calculations. Such vibrational spectroscopic studies of potassium doping of Alq 3 films have not been reported previously. It is well known that IR spectroscopy and Raman spectroscopy are complementary to each other in many aspects, such as selection rules. In IRRAS, high sensitivity is achieved by the glazing reflection geometry, and in SERS, the extensive enhancement of Raman scattering is caused by silver clusters. Both techniques are powerful probes for examining the structure and chemistry of the surface and interface due to their high sensitivity and resolution.
The assignment of vibrational modes of Alq 3 has been reported by various workers using IR and Raman spectroscopy and theoretical calculations. 5, 19, 20 These studies have already established the assignments of the meridional form of Alq 3 , which has been the form predominantly observed in all these studies. In this work, we extended these studies to the K-Alq 3 complex. The results show fairly good agreement between the observed and calculated IR spectra, which demonstrates that DFT calculations are useful for such complex molecular systems. The results not only clarify the isomerism but also provide useful information regarding other factors, such as questions (2) and (3) described above.
II. EXPERIMENTAL AND THEORETICAL
The IRRAS and SERS experiments were performed on layers grown on Ag͑111͒ surfaces, prepared on Si substrates in ultrahigh vacuum (UHV) chambers (base pressure Ͻ4 ϫ 10 −8 Pa). The p-type Si͑111͒ substrate was cleaned by dipping in acetone, ethanol, and deionized water in an ultrasonic bath. The substrate was then dipped in 40% HF solution for 2 min, 21 , and immediately transferred to a UHV chamber.
A 1ϫ 1 low energy electron diffraction (LEED) pattern indicated the formation of a hydrogen-terminated Si(111) surface. Ag films, 100 nm thick, were deposited on this hydrogen-terminated Si͑111͒ surface from a Knudsen cell. LEED and Auger measurements revealed the formation of a clean Ag͑111͒ surface. The sample of Alq 3 was supplied by Aldrich and purified by sublimation. Alq 3 films were prepared by vacuum evaporation from a separate Knudsen cell onto these Ag͑111͒ surfaces, which were kept at room temperature. The thickness of the Alq 3 film was monitored using a quartz microbalance and limited to 10 nm for IRRAS measurements or 3 nm for Raman measurements. Potassium was deposited on Alq 3 films from a SAES getter source. IRRAS spectra were measured at Nagoya University using an IRRAS system consisting of an FT-IR spectrometer (FM-Fourier transform) (Mattson R / S-1), a mercury cadmium telluride (MCT) detector, and a UHV chamber. The spectra were obtained in single reflection mode with p-polarized light through a BaF 2 window and at an angle of incidence of 80°relative to surface normal. The reflected light was detected with the MCT detector. The spectra were measured in the region of 1000-4000 cm −1 . IRRAS measurements below 1000 cm −1 were difficult to obtain using this system due to the limited sensitivity of the MCT detector. The results of 500 or 1000 scans with a resolution of 4 cm −1 were averaged. The complementary spectrum of Alq 3 powder was also measured for KBr pellets under ambient conditions at 400-4000 cm −1 . Raman spectra were measured at TU Chemnitz using a triple monochromator (Dilor XY) with a charge-coupled device detector that was optically aligned to the UHV chamber. The 530.9 nm line of a Kr + laser was used for excitation. The laser beam (power Ͻ30 mW) was focused on a spot of about 300 m in diameter on the sample surface. The spectral resolution was 2.5 cm −1 . To obtain strong Raman signals by surface enhancement, silver was deposited to an average thickness of 1 nm on Alq 3 films from a Knudsen cell following potassium deposition.
DFT calculations were carried out with GAUSSIAN 98 using the B3LYP functional and 6 -31G͑d͒ basis set. The geometries of the Alq 3 molecule and the Alq 3 -K complex were optimized by B3LYP/ 6-31G͑d͒ using the optimized geometries for Alq 3 and the Alq 3 -Li complex reported by Curioni and Andreoni 17 as the starting geometries. Since the calculated frequencies were larger than those observed in the high frequency region and smaller than those in the low frequency region, the calculated values were multiplied by 0.961 and shifted to a higher wave number by 14 cm −1 . Simulated spectra were obtained by convoluting the bars with heights proportional to the calculated intensities by a Lorenzian function with a full width at half maximum of 4 cm −1 ͑IR͒ and 2.5 cm −1 (Raman). The assignments of vibrational modes were made using visualized vibrational patterns. Figure 2 shows the experimentally observed and theoretically calculated IR spectra of Alq 3 . The theoretical spectra after scaling and shifting are shown for both meridional and facial isomers. The experimentally observed spectrum agrees well with those reported by Halls and Aroca, 19 Kushto et al., 5 and Esposti et al. 20 The high-resolution-electronenergy-loss-spectroscopy (HREELS) spectrum of pristine Alq 3 film reported by He et al. 13 reasonably corresponds in terms of the energies of the spectral features to the IRRAS spectrum, though the relative intensities of peaks are different. Our calculated spectra are similar to those reported by Kushto et al. using B3LYP/ SDD DFT calculations, except for a slightly better agreement with the experimental spectrum for the intensity of the bands at 1110, 1298, and 1336 cm −1 . The observed spectrum agrees well with the calculation for the meridional isomer. The simulated spectrum for the facial isomer differs from the calculated and measured spectra for the meridional isomer in several respects: (1) the intensity of the bands at 1385 and 1500 cm −1 is weaker, and (2) the frequencies and degeneracy of the bands between 400 and 430 cm −1 and between 540 and 660 cm −1 originating from the Al-N and Al-O stretching vibrations are different, due to the higher symmetry of the facial isomer. As described in the extensive study by Kushto et al., 5 these results confirm that the Alq 3 films consist predominantly of the meridional isomer, as in various forms of crystals. 22 Assignments of the vibrational modes of Alq 3 , as deduced by comparison with the calculation, are listed in Table  I , which also shows the results of Raman measurements. The modes between 1033 and 1605 cm −1 are mainly due to ring stretching and CH bending vibrations of the ligands, although CN stretching ͑1228 cm −1 ͒ and CO stretching ͑1282 cm −1 ͒ are also observed in this region. These assignments agree almost completely with those reported by previous workers. 5, 19, 20 The band at 917 cm −1 , due to an Al-N stretching vibration, is not observed in the IR spectrum, but is weakly observed in the Raman spectrum. We will use these assignments later when discussing the change in the spectra induced by K doping. Figure 3 shows the SERS spectrum of an Alq 3 film, with silver deposited at an average thickness of 1 nm compared with the calculated Raman spectra of meridional and facial isomers. The deposition of silver led to a pronounced increase in the intensity of Raman scattering due to the SERS effect. The frequencies and relative intensities of the Alq 3 vibrational modes were not modified by Ag deposition, indicating the absence of strong chemical interaction between Ag and Alq 3 . 23 The experimentally observed spectrum in Fig. 3 agrees well with those reported by Halls and Aroca 19 and Esposti et al. 20 (both with excitation at 1064 nm). However, the intensity distributions are different, which can be ascribed to the difference in excitation energy. The numerical data and assignments are listed in Table I . The simulated spectra of both meridional and facial isomers show comparable agreement with the experimental spectrum. The reported simulated spectrum for the facial isomer, using the Hartree-Fock 6-31G* calculation, 19 differs slightly from the experiment with regard to the intensity distribution. The frequency of the mode due to the Al-O stretching vibration observed at 525 cm −1 agrees slightly better with the value ͑523 cm −1 ͒ calculated for the meridional isomer than that ͑534 cm −1 ͒ calculated for the facial isomer. Thus, while it is difficult to identify the predominant isomer from Raman spectroscopy, the results do not contradict the predominance of the meridional isomer deduced from IRRAS spectroscopy. Figure 4 shows the IRRAS spectra of a clean Alq 3 film and after three successive steps of potassium evaporation. Upon potassium evaporation, most of the vibrational bands between 1000 and 1606 cm −1 become weaker, and new bands (shown with ‫)ء‬ appear at 1082, 1208, 1272, 1296, 1350, 1452 (shoulder), and 1552 cm −1 . These bands are in the region of the ring stretching and CH bending modes of the quinoline ligands. The IRRAS spectra did not change further with potassium deposition in excess of 6000 s.
III. RESULTS AND DISCUSSION

A. Assignments of vibrational modes of Alq 3
B. Changes in IRRAS and SERS spectra with potassium doping
The reported UPS, XPS, and theoretical studies for K-Alq 3 and Li-Alq 3 complexes have indicated electron transfer from the alkali metal to Alq 3 .
2, 17 The amount of charge transfer from the K atom to meridional Alq 3 molecule in a 1:1 complex was theoretically estimated by Johansson et al. to be 0.866e. 2 In addition to these results, our recent nearedge x-ray-absorption fine structure (NEXAFS) investigations revealed a decrease in intensity for core excitation to the * LUMO after potassium deposition. 24 This also indicates electron transfer from potassium to the LUMO of Alq 3 .
As mentioned above, geometry optimization was carried out starting from a geometry similar to that reported by Curioni and Andreoni, 17 with the resulting geometries similar to those at the start. They are shown in Fig. 5 . In the facial isomer, the K atom is on the axis of threefold symmetry. On the other hand, in the meridional isomer, the K atom lies between ligands A and B. The changes in the Al-O and Al -N bond lengths are shown in Table II . The calculated amount of electron transfer from the K atom to the Alq 3 molecule is 0.70e and 0.75e for the meridional and facial forms, respectively, and the value for the meridional form is smaller than that reported by Johansson et al. ͑0.866e͒. 2 The charge distribution in the two isomeric forms is depicted in Fig. 6 . The K atom is shown by a cross ͑+͒, and the values for the K, Al, N, and O atoms are shown in bold. The values in parentheses indicate the change in charge from isolated Alq 3 and K to the K-Alq 3 complex. The charge on hydrogen atoms, omitted in Fig. 6 , is 0.10-0.20 (−0.03 to 0.01) for the meridional isomer and 0.11-0.16 (−0.03 to 0.00) for the facial isomer. We see that the distribution is equal among the three ligands for the facial isomer, reflecting its threefold symmetry. On the other hand, the excess electron in the meridional isomer is mostly localized on ligand A͑A , −0.65e ; B , −0.08e ; C , −0.02e͒, reflecting inequality among the ligands. More specifically, it is concentrated at the N and C atoms in the pyridyl part of ligand A, and at the O atom in ligand B. This agrees with the results by Johansson et al. 2 for the meridional isomer, where the excess electron predominantly occupies the LUMO at ligand A and the pyridyl part in this ligand. The charge distributions in an isolated anion in both isomeric forms are also shown in Fig. 7 . The values in parentheses indicate the difference in charge from Alq 3 the extent to which the Alq 3 part in the K complex is similar to an isolated anion in terms of vibrational spectroscopy, as discussed below.
In Fig. 8 , we compare the simulated IR spectra for the complex and isolated anion of the meridional and facial isomers, together with the observed IRRAS spectrum. They show various degrees of similarity and divergence. First, we note the similarity between the complex and the isolated anion of the facial isomer. We may ascribe this to the preservation of threefold symmetry, with the K cation having an equal effect on the three ligands. The charge distribution of the Alq 3 part in the complex is almost the same as that in the isolated anion, except for the small change at the oxygen atoms. Moreover, the excess charge is also distributed almost equally among the ligands in both neutral Alq 3 and the complex.
The simulated IR spectrum of the isolated anion of the meridional isomer is different from those of the facial species described above. In this isomer, the distribution of electrons is uneven among the ligands ͑A , −0.11e ; B , −0.48e ; C , −0.38e͒, which results in a spectrum that is significantly different from that of the facial isomer.
Again, the simulated IR spectrum of the K-Alq 3 complex in the meridional form is significantly different from that of the isolated anion and also from that of the anion and K complex in the facial isomer form. The presence of the K ion significantly modifies the electron distribution among the ligands ͑A , −0.65e ; B , −0.08e ; C , −0.02e͒, as described above. The major distribution is shifted from C to A, which is understandable since A is the nearest neighboring ligand to the K + ion. The distribution within the ligands is also very different from those in the isolated anion, in particular in ligand A. Therefore, we can confirm that a potassium-doped meridional Alq 3 molecule is in a completely different state than an isolated Alq 3 anion from the perspective of molecular vibrations. As for the difference in the distribution of the excess charge compared to the neutral Alq 3 molecule, the excess charge in the K complex is concentrated at the N and C atoms in the pyridyl part of ligand A, and at the O atom in ligand B. In the isolated anion, the variation in the excess charge distribution among ligands is smaller than that in the K complex.
In Fig. 8 , the observed IRRAS spectrum agrees well with the simulated spectrum of the K-Alq 3 complex of the meridional isomer. In particular, we note (1) the appearance of a doublet at 1100 cm −1 , (2) the absence of a strong peak at around 1150 cm −1 , and (3) reproduction of the intense peaks at 1470 cm −1 and 1500 cm −1 . On the other hand, other simulated spectra show much worse correspondence with the observed spectrum. Thus, we can conclude that Alq 3 molecule does not change to the facial isomer upon the deposition of potassium but remains in the meridional form. Although this alone does not contradict the predicted conversion for the Li complex reported by Curioni and Andreoni, 17 the similarity of the ultraviolet photoemission spectroscopy and x-ray absorption spectroscopy results for the Li and K complexes suggests that conversion is also unlikely for Li-Alq 3 . The total energies of the meridional isomer of K-Alq 3 complex calculated here show that the facial isomer is 5.5 kcal/ mol more stable than the meridional isomer. This contradicts the experimental observation, although the energy difference is smaller than that estimated in Ref. 17 ͑Ͼ10 kcal/ mol͒, and further study is needed. Assignments of the vibrational modes of K-doped Alq 3 , deduced by comparing the IRRAS spectra with the calculation, are listed in Table III . Most of the new bands that appear upon K deposition can be assigned to the vibrational modes, with the main contribution from ligand A, which is closest to the potassium atom. These bands from ligand A are marked with ͑A͒ after the wave number values in Fig. 4 and at the peaks in Fig. 8 . Figure 9 shows the SERS spectra of an Alq 3 film before and after potassium deposition. The region from 1000 to 1600 cm −1 shows the vibrational modes of the quinoline groups. After K deposition, the relative intensities of the vibrational modes in this region change and new bands appear at 1083, 1199, 1267, 1347, 1454, and 1533 cm −1 . In the region below 1000 cm −1 , which could not be measured by IRRAS, new bands appear at 369, 488, 674, 743, 792, and 902 cm −1 . These new bands are marked with * in Fig. 9 . We consider that most of the Alq 3 molecules react with K, since the bands associated with pristine Alq 3 , for example, the band at 525 cm −1 , become very weak after K deposition. For comparison with these observed data, we also calculated the Raman spectra of the meridional and facial isomers of the K-Alq 3 complex and an isolated anion. In Fig. 9 , these are compared with the experimentally observed SERS spectrum. As in the case of IR, there are major differences in the calculated Raman spectra. The spectra of the facial Alq 3 anion and the facial K-Alq 3 complex are somewhat similar concerning energies, possibly because both have threefold symmetry as mentioned above. The relative intensity of the bands in the observed spectrum does not agree well with the simulated spectra even for the K complex with the meridional isomer of Alq 3 . This is probably due to the effect of a resonance of the Kr + laser ͑530.9 nm͒ with visible absorption induced by K doping, which is expected to appear in a similar region as the broad peak observed for Li-Alq 3 complex at 615 nm with a full width at half maximum of about 200 nm. 25 This hinders the detailed analysis of the SERS spectra. Nevertheless, we made tentative assignments of the bands by comparison with the calculated spectrum for the meridional form of K-Alq 3 complex, based only on the correspondence of energy positions, without considering the intensities (Table III) . In the high frequency region, the new bands at 1083, 1267, and 1347 cm −1 seem to correspond to the new bands in the IR spectra at 1082, 1272, and 1350 cm −1 , which are assigned to vibrations mainly at ligand A. Other bands at 1199 and 1533 cm −1 can also be assigned to vibrations at ligand A. These are marked with * in Fig. 9 .
The band assigned to the Al-O stretching mode at 525 cm −1 becomes weak upon potassium deposition and the band assigned to the Al-N stretching mode at 917 cm −1 strengthens and is shifted to 902 cm −1 . This suggests that the environment in the region of the Al-O and Al-N bonds is changed by potassium doping. The shift of the Al-N stretching mode to a lower frequency indicates that the Al-N bond weakens with potassium doping. If the LUMO of Alq 3 , where the transferred electron sits, has an antibonding character at the Al-N bond, where the transferred electron resides, the Al-N bond becomes weak. Based on the DFT calculation, the LUMO orbital is localized on the quinoline ligand, but not on the Al atom. Hence, it is difficult to explain the shift of the Al-N stretching mode to a lower frequency in terms of the LUMO character and such variation requires further study.
He et al. 13 reported HREELS spectra of the Mg/ Alq 3 interface. After Mg was deposited on the Alq 3 layer, the HREELS spectra showed changes such as a decrease in intensity and broadening and shifting of peaks, and became more complicated. These trends are similar to the presently observed results of IRRAS and SERS of K-doped Alq 3 . However a detailed comparison was difficult due to the poor resolution of HREELS and the large difference in relative intensities between HREELS and other spectra even for pristine Alq 3 .
The present results permit a few general comments on the usefulness of vibrational spectroscopy in the study of such electronically functional organic molecular systems. First, vibrational spectroscopy could be used effectively for the discrimination of possible isomers. This is due to the large difference in the effect of the K + ion on the two isomers, in particular the preservation of high symmetry in the facial isomer and the lack of equivalence of the ligands in the meridional isomer, which leads to the predominance of ligand A. Second, the good agreement between the observed and simulated IR spectra of the K-Alq 3 complex demonstrates that the spectrum of such a complex system can still be fairly well interpreted when geometry optimization is properly used. Third, the calculated spectra indicate that the vibrational spectra of the K-Alq 3 complex are very different from those of the isolated anion. This shows that care should be taken in interpreting the spectra of doped organic materials without considering the presence of the counter ion.
Finally, we will examine the possibility of discriminating among the chemical species examined above by photoelectron spectroscopy, since this shows the advantages/ disadvantages of vibrational spectroscopy. Figure 10 depicts the calculated density of states (DOS) for the two isomers of the isolated anion and the K-Alq 3 complexes and also the observed spectra reported by Schwieger et al. 18 (which are very similar to the spectra reported by Johansson et al. 2 ). The DOS of the K-Alq 3 complexes for the two isomers are not very different and there is also only a slight difference between the calculated DOS of the complex and isolated anion. Considering the generally limited correspondence between the simulation and the observed spectra, it is difficult to distinguish the subtle difference between the four states of Alq 3 . This highlights that vibrational spectroscopy is a highly sensitive tool for discriminating subtle differences between the isomers and between the complex and isolated anion.
IV. CONCLUSION
The geometrical structure of the potassium-doped Alq 3 molecule and the interaction between Alq 3 and potassium were studied using IRRAS, SERS, and DFT calculations. In contrast to previous theoretical predictions, we found that the Alq 3 molecule does not change to the facial isomer upon the deposition of potassium, but rather maintains the meridional form. This conclusion is based on the large difference between the calculated IR spectra of the K-Alq 3 complex for the meridional and facial isomers and the good correspondence of the former with the observed spectra. These calculations also confirm the conclusion of previous researchers 2 that the change in electron density from the neutral molecule is concentrated on the ligand nearest the potassium atom, and in particular the pyridyl part within this ligand. The calculated vibrational spectra of potassium-doped Alq 3 were very different from those of the isolated anion. This indicates that care should be taken in interpreting the spectra of doped organic materials without also considering the presence of the counter ion, although the vibrational spectra of doped organic materials are usually interpreted by considering an isolated anion-cation model. The SERS results and corresponding calculations provide information about the complex, although a detailed analysis was hindered probably due to the effect of resonance induced by K doping. We also showed that vibrational spectroscopy can be a more sensitive tool than UPS for identifying subtle differences between the isomers. Although the experimental results obtained here were all predominantly related to the meridional isomer, the calculated results for the facial isomer should also be useful for possible future experiments using facial isomers.
